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Abstract
We study 5D gauge symmetries in the Randall-Sundrum geometry that are hidden
from the standard model through either small 5D gauge coupling, or through vanish-
ing quantum numbers for the standard model fields. Geometric warping of 5D gravity
creates a TeV scale bridge from the standard model to the hidden sector gauge fields.
We apply these concepts to a revival of the electroweak axion model, in which the
dynamics of Peccei-Quinn symmetry breaking occur at the TeV scale.
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1 Introduction
The Randall-Sundrum mechanism of resolving the hierarchy between the electroweak sector
and the Planck scale has now seen numerous implementations [1]. Higgsless models of
electroweak symmetry breaking achieve masses for Standard Model (SM) particles through
the boundary conditions chosen for bulk gauge fields and fermions [2–4]. Modern 5D
composite Higgs models accomplish electroweak symmetry breaking through a Higgs that
originates from a 5-dimensional gauge symmetry, or through brane localized scalar fields [5,
6].
These models have been constructed with a certain minimalist approach, introducing
the fewest new particles or symmetries to accomplish the goal of reducing the fine-tuning
problem in the electroweak sector. We study cases in which there may be additional light
fields which reside within the same RS geometry. In principle, such fields may be playing
an important role in solving other issues within the SM, such as the strong CP problem [7],
however we take the approach of studying a generic class of models in which there are
new light particles that have greatly suppressed couplings to SM fields. The most likely
candidates for such light particles would be Goldstone bosons, whose masses are small in
comparison with the weak scale due to a(n approximate) shift symmetry, or new gauge
fields, protected by a 4D gauge symmetry. Both classes of particles, Goldstone bosons and
4D gauge fields arise naturally from 5D gauge symmetries as a consequence of the different
boundary conditions [8] that one may impose on the 5D gauge transformations (see [9] for
reviews and additional references).
A main result of this analysis is the observation that extra-dimensional gravitational
excitations [10–12], whose couplings to such hidden sectors (HS) is independent of gauge-
coupling [13], create a bridge between the visible and hidden fields. Randall-Sundrum
models are thus a natural setting for Hidden Valley models, in which a new sector is
separated from the SM through an “energy-barrier” [14, 15]. In RS scenarios, the role
of the energy-barrier is played by the extra-dimensional gravitational excitations of the
Randall-Sundrum geometry.
As an explicit example, we construct a novel axion solution to the strong CP problem
which is in some senses a revival of the earliest axion models where electroweak scale
physics produces a Peccei-Quinn (PQ) axion [16, 17]. This 5D axion is hidden by a small
extra-dimensional gauge coupling, but has TeV-scale associated Kaluza-Klein excitations,
unlike in previous models [18], in which the IR brane is coincident with the scale of PQ
symmetry breaking. This model shares some features with composite axion models [19–21],
although the effective compositeness scale in this case is close to the electroweak scale, and
is decoupled from the scale associated with the axion coupling constant. The gravity sector
can act as a bridge to the axion sector, resulting in a greatly altered collider phenomenology,
and necessitating a re-evaluation of the usual astrophysical bounds on such light fields.
In Section 2 we describe the basic setup for an RS hidden gauge sector. In Section
1
3 we discuss direct couplings of SM fields to the hidden sector. In section 4, we calculate
the couplings of RS gravitational fluctuations to hidden sector fields, and in section 5 we
describe a toy model in which the RS hidden sector is responsible for producing an axion
which resolves the strong CP problem. In section 6 we describe the collider phenomenology
of such hidden sectors, while in section 6 we discuss astrophysical constraints on light hidden
RS Goldstone bosons. In Appendices A and B, we give Feynman rules for the interactions
of hidden sector fields with RS gravity, and describe details concerning gauge fixing.
2 Basic Setup
We work in an RS geometry, using the coordinate convention where the metric is confor-
mally flat:
ds2 =
(
R
z
)2 [
ηµνdx
µdxν − dz2] (2.1)
Branes at z = R,R′ truncate the extra dimension, with R ∼ M−1Pl , and R′ ∼ TeV−1.
The electroweak hierarchy problem is alleviated as the cutoff scale for radiatively divergent
observables in the low energy theory is lowered to near the TeV scale. It is presumed
new physics comes in near this scale which softens this dependence on the UV scale. The
model is constructed on an S1/Z2 orbifold in order to obtain the chiral spectrum required
to reproduce the SM. The gauge fields are assumed to propagate in the bulk, and the
mechanism of electroweak symmetry breaking is left unspecified, as it is model-dependent.
A TeV brane localized Higgs [1], a Higgsless mechanism [2–4], or a 5D gauge field Higgs [5,6],
or some combination of these ideas could be responsible for the generation of fermion and
gauge boson masses.
We gauge a new symmetry (not necessarily abelian) in the bulk of the extra dimension.
The 5D Lagrangian for this gauge symmetry is given by:
L5D = −1
4
√
g
[
gMNgRSBaMRB
a
NS
]− 1
2
√
g (Ga)2 +
√
gca
δGa
δβb
cb (2.2)
The first term is the usual 5D gauge kinetic term, and the second term is a gauge fixing term
which removes 5D kinetic mixing between the Bµ and B5 fields. The last term is a ghost
Lagrangian that restores unitarity to the gauge-fixed non-abelian theory. In Appendix B,
we provide further discussion of gauge fixing.
To determine the spectrum of the gauge sector, we expand the bulk gauge fields in
terms of eigenvalues of the 4D gauge equations of motion: Bµ(x, z) = µ(p)f(z)e
ip·x.The
bulk equations of motion for the 4D vector-field wave functions in this geometry are:
f ′′ − 1
z
f ′ +M2f = 0 (2.3)
and the solutions to this eigenvalue problem are
f(z) = z (AJ1(mnz) +BY1(mnz)) . (2.4)
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The coefficients A,B and eigenvalues, mn, are found by choosing and imposing boundary
conditions and suitably normalizing the 4D effective fields.
We study two scenarios. First we take boundary conditions that produce B5 zero
modes (5D Goldstone bosons) due to breaking the 5D gauge symmetry twice, once on each
brane. In the other scenario, we assume that the 4D gauge symmetry is unbroken on both
branes, with resulting Bµ zero modes. We also discuss explicit and spontaneous breaking
of these symmetries which would lead to Goldstone (gauge) field masses in each of these
models, respectively.
2.1 Hidden RS Goldstones
To obtain Goldstone bosons from the 5D gauge symmetry, a subgroup of the gauge symme-
try must be broken twice, once at the UV brane, z = R, and again at the IR brane, z = R′.
The boundary conditions which achieve this, and which satisfy the 5D action principle, are
Baµ|z=R,R′ = 0. In this section, we assume that the entire gauge gauge group is broken twice
in this way, and thus the number of Goldstone bosons is equal to the rank of the original
bulk gauge symmetry. We additionally suppress the internal gauge indices, and take the
rank of the coset space (the number of Goldstone bosons) to be N .
For the B5, the equation of motion in the gauge we choose is:
B5 − ∂z
[
z∂z
(
1
z
B5
)]
= 0 (2.5)
There is a zero mode solution to this equation where B5 = 0. In this case, the wave
function for the B5 zero-mode is given by B5 = B5(x)ζ(z) with
R
z
ζ(z) = A0 +B0 log z.
The boundary condition Bµ|R,R′ = 0 ensures that there are no necessary boundary
gauge fixing terms, and so the boundary conditions for B5 simply arise from the terms
coming from integration by parts of the bulk gauge fixing term. These impose:
∂z
(
1
z
B5
)∣∣∣∣
R,R′
= 0, (2.6)
and thus the B5 zero mode takes the following form:
B
(0)
5 (x, z) =
√
2g5D
√
R√
R′2 −R2
z
R
B
(0)
5 (x), (2.7)
where the overall coefficient ensures that the B
(0)
5 is canonically normalized in the 4D
effective theory.
The residual gauge symmetry, after adding the gauge fixing term specified in Appendix
B, is given by:
β − z∂z
(
1
z
∂zβ
)
= 0, (2.8)
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implying that there is a residual subgroup which is global from the perspective of the 4D
coordinates: β(z) = β0 + β2z
2.
The spectrum of Bµ modes can be found by imposing the boundary conditions on the
solutions to the bulk equations of motion, (2.3). The eigenvalue problem is then:
J1(mnR
′)
Y1(mnR′)
=
J1(mnR)
Y1(mnR)
(2.9)
with approximate solutions mnR
′ = 3.83, 7.02, 10.17, 13.32, ... The B5 Goldstone bosons and
their associated vector KK-modes are hidden from the standard model in one of two ways.
Either the gauge coupling associated with this 5D symmetry is very small, g5D 
√
R, or
the SM does not carry quantum numbers under the new symmetry.
The effective scale of symmetry breaking that this Goldstone boson corresponds to is
given by (see also [18]), as we will show explicitly in Section 3:
feff =
1√
2R′
√
R
g5D
, (2.10)
and we will also see that couplings of this Goldstone boson to other light fields transforming
under the 5D gauge symmetry are suppressed by this breaking scale. We note that the
scale feff can be parametrically larger than the IR scale, 1/R
′ if the 5D gauge coupling is
chosen such that g5D 
√
R. ∗
2.2 Hidden RS Gauge symmetries
In this section, we briefly analyze the scenario in which the 4D portion of bulk gauge
symmetry is completely unbroken, and there are Bµ zero modes in the theory. In this case,
the boundary conditions are:
∂zBµ|z=R′,R = 0 (2.11)
In this scenario, the residual gauge symmetry on the branes corresponds to transformations
that are a function only of the 4D coordinates: ∂zβ|z=R,R′ = 0. In this case, there is a
subgroup of the residual gauge transformations where the gauge transformation parameter
is a function of the 4D coordinates only: β = β(x). Thus this 5D gauge symmetry has a
residual unbroken 4D gauge symmetry corresponding to the Bµ zero-mode. The remaining
gauge freedom contains z-dependence, and corresponds to transformations of the tower of
Bµ Kaluza-Klein modes.
∗Such choices may be in conflict with the conjectured bounds on gauge couplings that arise by consider-
ing the spectrum of charged Planck scale black hole remnants [22]. While perfectly sound from an effective
field theory point of view, it is likely that a new effective cutoff is introduced which is given approximately
by Λ = g5D
√
R, parametrically smaller than the 5D Planck scale. New physics (perhaps stringy in nature)
must appear at this scale which drive the gauge coupling to be strong enough to avoid these bounds.
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Using the 5D bulk solution in Eq. (2.4) in coordination with these boundary conditions,
the eigenvalue problem is
J0(mnR
′)
Y0(mnR′)
=
J0(mnR)
Y0(mnR)
(2.12)
with approximate solutions mnR
′ = 0, 2.45, 5.56, 8.70, 11.84, .... The effective gauge cou-
pling for the zero-mode in terms of the geometrical parameters and the 5D gauge coupling
is:
g4D =
g5D√
R log R
′
R
(2.13)
3 SM Couplings to RS Hidden Sectors
Matter fields in the standard model may have couplings to the HS fields which are sup-
pressed by a small extra dimensional gauge coupling. In this section we discuss the nature
of these couplings to an unbroken HS gauge symmetry, and to a HS gauge symmetry which
is broken to a global subgroup, producing a light 5D Goldstone-boson. We work out the
case of a 5D fermion coupled to the HS; couplings to fields with different spin can be derived
straightforwardly.
The action for a 5D fermion coupled to a HS U(1) with gauge fields BM is given by:
S =
∫
d5x
√
g
[
Ψ¯i6DΨ + c
R
Ψ¯Ψ
]
(3.14)
where DM is the hermitian gauge covariant derivative
DM =
1
2
(−→
∂ M −←−∂ M
)
− iqBM , (3.15)
and c is the 5D bulk Dirac mass in units of the curvature. The additional terms involving
spin connections that can appear in non-trivial geometries vanish with this metric. The
5D Dirac fermion can be expanded in terms of KK-modes:
Ψ =
∑
n
(
gn(z)χn(x)
fn(z)ψ¯n(x)
)
. (3.16)
The functions χn(x) and ψ¯n(x) are solutions to the 4D Dirac equation, each with mass
mn, while the wave functions fn and gn are solutions to the 5D equations of motion with
eigenvalues mn.
We choose boundary conditions for the 5D fermion such that there is a massless mode
(e.g. (++,−−) boundary conditions, where − refers to Dirichlet boundary conditions).
Depending on the choice of the bulk mass term, c, the zero-mode fermion is either localized
on the UV brane (c < 1/2), or on the IR brane, c > 1/2.
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3.1 Fermion Couplings to a B5 zero mode
In the case that the extra dimensional gauge symmetry is broken on both branes, and there
is a massless B5, there is a set of field redefinitions that may be performed that elucidate
the Goldstone nature of this field. This is in close analogy with the standard prescription in
4D theories with spontaneous global symmetry breaking, where a field Φ may be redefined
as Φ→ eipi/fΦ′, where pi are the Goldstone degrees of freedom that couple derivatively, and
Φ′ contains only the vev f , and the radial fluctuations of the field. Similarly, fermions Ψ
which carry charge q under the global symmetry broken by the vev of Φ can be redefined
as Ψ→ eiqpi/vΨ′, where the transformation law for Ψ′ is trivial, with the transformation of
Ψ being carried by the shift symmetry of the Goldstone boson.
For the fermion field in our discussion, the field redefinition can be taken to be [23]
Ψ(z, x) = exp
[
iq
∫ z
z0
dz′B5(x, z′)
]
Ψ′(z, x). (3.17)
The transformation law for Ψ′ is then
Ψ′(z, x)→ eiqβ(z0)Ψ′(z, x), (3.18)
independent of z. The constant z0 is arbitrary, however it can be chosen in a convenient
manner that depends on the 5D EWSB breaking model into which this HS is embedded.
Under this redefinition, for an abelian HS, the fermion gauge invariant kinetic term is
modified in the following way:
Ψ¯i 6DΨ→ Ψ¯′i 6D4Ψ′ − Ψ¯′iγ5∂5Ψ′ − q
∫ z
z0
dz′∂µB5(z′)Ψ¯′γµΨ′. (3.19)
Note that the B5 now couples derivatively in the 4D coordinates, as expected for a Gold-
stone boson. In the presence of additional fields, such as Higgs scalars which carry HS
quantum numbers, (as was the case in [23]), the most convenient redefinition may be
slightly different, and could involve the scalar degrees of freedom.
We can now determine the effective global symmetry breaking scale that produces the
B5 Goldstone boson, and read off its corresponding classically conserved current. From the
action after the redefinition, we see that the interactions of the B5 zero mode with fermions
is given by:
Leff = −q
∫
dz
√
g
∫ R′
z
dz′A0
(
z′
R
)(
∂µB
(0)
5 (x)
)
Ψ¯′eµaγ
aΨ′
= −q∂µB(0)5 (x)
∫ R′
R
dz
g5D√
2R
(
R
z
)4
z2 − z20
R′
(
Ψ¯′γµΨ′
)
≡ −q∂µB(0)5 (x)
∑
m,n
[
1
fmnL
χ¯mσ
µχn +
1
fmnR
ψmσ¯
µψ¯n
]
(3.20)
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where
1
fmnL
=
g5D√
2R
∫ R′
R
dz
(
R
z
)4
z2 − z20
R′
gm(z)gn(z)
and
1
fmnR
=
g5D√
2R
∫ R′
R
dz
(
R
z
)4
z2 − z20
R′
fm(z)fn(z). (3.21)
The most convenient choice for z0 is model dependent, depending primarily on additional
brane localized sources of explicit breaking of the 5D gauge symmetry. For example, a
Dirac-type mass that mixes 2 5D fermions on the IR brane (one producing a LH zero
mode, the other a RH zero mode) would transform under the above redefinition as:
MΨ¯LΨR + h.c.→M exp
[
i(qR − qL)
∫ R′
z0
dz′B5
]
Ψ¯′LΨ
′
R + h.c., (3.22)
thus introducing additional interactions of the B5 zero mode with fermions which are phys-
ically equivalent to the types of interactions in Eq. (3.20). Such interactions contribute to
the amplitudes in such a way as to give the same effective coupling in any physical process.
Choosing z0 = R
′ for such a model eliminates this additional contribution to the coupling,
such that the entire interaction with fermions can be read from Eq. (3.20).
Let us assume that there is a χ zero mode arising in Ψ′, and that there is a bulk Dirac
mass term, c, that determines the localization of this zero mode. The zero mode profile is
then given by:
g0(z) = κ
( z
R
)2−c
. (3.23)
This fermion is localized towards the UV (IR) brane for c > (<)1/2. Plugging this wave
function into the expressions in Eq. 3.21, we find that the associated breaking scale for left
handed zero mode fermions as a function of the c-parameter is given by:
f 00L =
{
1
R′
√
R√
2g5
c > 1/2 UV localized
1
R′
√
R√
2g5
1
3/2−c c < 1/2 IR localized,
(3.24)
roughly confirming the interpretation of the 5D gauge coupling in terms of a symmetry
breaking scale, Eq. (2.10).
3.2 Gauge Field Couplings to a B5 zero mode
The redefinition (3.17) may produce a non-trivial Jacobian in the path integral measure,
reflecting explicit breaking of the global shift symmetry of the B5 Goldstone boson through
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anomalies [24,25]. Such anomalies result in couplings of the B5 zero mode to the 5D gauge
fields, including SM gluons and photons [18,23].
In the bulk, the theory is vector-like, and there can be no anomalies, however the
boundary conditions are chosen to project out a chirality on the branes to obtain a low
energy chiral spectrum. The contributions of a single 5D fermion with a chiral zero mode
to the anomaly are evenly distributed on the boundaries of the space, with half of the chiral
anomaly localized on the UV brane, and the other half on the IR brane [26,27]. Under an
anomalous 5D gauge transformation, the action shifts by:
δS =
∫
d4x
∫ R′
R
dz β∂MJ
M −
∫
d4x βJ5
∣∣R′
R
≡
∫
d5x βA, (3.25)
with JM given by
JM ≡ √gΨ¯γMΨ, (3.26)
and the anomaly, A, is given by:
A(x, z) = 1
2
[δ(z −R) + δ(z −R′)]∑f qf ( qf2Y16pi2F · F˜ + Tr τfa τfa16pi2 W · W˜ + Tr tfatfa16pi2 G · G˜)
≡ 1
2
[δ(z −R) + δ(z −R′)]Q(x, z) (3.27)
Such anomalies are not an indication of a “sick” theory, since the transformation is only
anomalous on the boundaries of the extra dimension, where the 5D gauge symmetry is
restricted to be global with respect to the 4D coordinates.
The resulting action after the field redefinition (3.17), is augmented by the following
term:
Sanomaly = −1
2
∫
d4x
[∫ z0
R
dz′B5Q(R, x)−
∫ R′
z0
dz′B5Q(R′, x)
]
(3.28)
In terms of the zero mode B5, which has the profile given above, these interactions
are:
Lanom = 1
2
A0B
(0)
5 (x)
[(
z20 −R2
)Q(R)− (R′2 − z20)Q(R′)] (3.29)
Defining Q± ≡ Q(R′)±Q(R), we have,
Lanom = 1
2
A0B
(0)
5 (x)
[(
2z20 −R2 −R′2
)Q+ − (R′2 −R2)Q−] . (3.30)
As mentioned above, the physics is not dependent on the choice of z0, however there
are choices which are more convenient than others. Again, in the presence of a Dirac
mass term on the IR brane, a sensible choice is z0 = R
′. If another value is chosen, the
interactions of the Goldstone boson with fermions arising in equation (3.22) will lead to
additional triangle loop diagrams which contribute to the interaction in Eq. (3.30) in such
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a way as to render the physical result independent of z0. The anomaly interaction with the
choice z0 = R
′ is then given by:
Lanom = 1
2
A0
(
R′2 −R2)B(0)5 (x) [Q+ −Q−] (3.31)
Finally, plugging in the normalization coefficient for the B5 zero mode, the effective inter-
action of the B5 zero mode is given by:
Lanom = 1√
2
g5√
R
√
R′2 −R2B(0)5 (x)
[Q+ −Q−] (3.32)
And the effective suppression scale for the anomalous interactions of the B5 zero mode with
SM gauge bosons is approximately
f 00anom =
1
R′
√
R√
2g5
, (3.33)
in agreement with the effective Goldstone boson scale arising from the couplings to fermion
zero-modes in Section 3. There are additional interactions of the B5 with gauge boson
KK-modes when the anomalies Q± are expressed in terms of a KK-mode expansion.
4 Couplings to RS Gravity
Unlike the couplings of the Goldstone sector to SM fields, the couplings of the excitations
of RS gravity to the gauge fields Bµ (or physical B5 Goldstone bosons) are independent
of the 5D gauge coupling [12, 13]. Thus while the gauge sector may be “hidden” from the
SM fields, the couplings of the hidden sector to TeV brane localized gravitational waves
are suppressed only by the IR brane local cutoff scale. In this section, we calculate the
couplings of RS gravitational excitations (the radion and the first two tensor modes) to the
hidden sector gauge fields.
We begin by reviewing the KK-reduction of the 5D metric including linearized fluctu-
ations. The usual Einstein-Hilbert action is given by:
SEH = −κ2R3
∫ R′
R
dz
∫
d4x
√
g (R− Λ) (4.34)
The distance element on this space, including linearized perturbations which solve the
vacuum Einstein equations, is given by:
ds2 =
(
R
z
)2 [
e−2F (z,x)ηµνdxµdxν + hµνdxµdxν − (1 + 2F (z, x))2 dz2
]
, (4.35)
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where hµν is transverse and traceless, and contains the 4D graviton plus Kaluza-Klein
excitations. F is the radion field, expressed after canonical normalization as
F (z, x) =
( z
R′
)2 r(x)
κΛr
(4.36)
Plugging this radion excitation into the above EH action shows that the normalization
factor which sets the scale of the radion coupling to other fields is given by Λr =
√
6/R′.
The transverse traceless perturbations, h˜µν ≡ (R/z)2 hµν satisfy the following bulk
equation of motion:
h˜′′µν +
1
z
h˜′µν −
4
z2
h˜µν −h˜µν = 0 (4.37)
while the boundary conditions require(
z2h˜µν
)′
|R,R′ = 0 (4.38)
After imposing the boundary condition at z = R, with the ansatz h˜µν =
∑
n φn(z)
hˆn(x)µν
κΛn
,
the KK-graviton wave functions are given by:
φn(z) =
(
R
R′
)2 [
J2(mnz)− J1(mnR)
Y1(mnR)
Y2(mnz)
]
. (4.39)
Note that we have given the 4D modes hn(x) mass dimension 1, associating a scale with the
couplings of each graviton KK-mode that is calculated by imposing canonical normalization
on the 4D modes. The prefactor (R/R′)2 is inserted to render the Λn’s sensitive only to the
IR scale (where the lower level KK-gravitons are localized). The scales Λn are determined
by expanding the EH action to quadratic order in the fluctuations, reading off the coefficient
of the kinetic terms and enforcing the low energy theory to reproduce the Fierz-Pauli spin-2
kinetic term. This leads to the following equation for Λn:
1
R3
∫
dz
( z
R
)
φ2n = Λ
2
n, (4.40)
From which we find Λ1R
′ = .285, Λ2R′ = .212.
The final boundary condition at z = R′ determines the solutions to the eigenvalue
problem for mn:
J1(mnR
′)
Y1(mnR′)
=
J1(mnR)
Y1(mnR)
(4.41)
This is actually identical in form to the eigenvalue equation for the vector KK-modes of the
5D Goldstone boson in this model, and thus the KK-gravitons have a spectrum identical
to the vector KK-modes associated with the Goldstone bosons.
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We now calculate the interactions of the radion and KK-gravitons with the light HS
fields and the HS KK-modes. The gravitational excitations couple to the matter stress-
energy tensor:
Sgrav = −1
2
∫ R′
R
dz
∫
d4x
√
g(∆g)MNT
MN (4.42)
where the fluctuations including the radion, the graviton, and the KK modes of the graviton
are contained in (∆g)MN . Using Eq. (4.35) for the distance element, one can read off the
interactions of the radion with matter:
Sradion = −
∫ R′
R
dzd4x
√
gF (x, z)
[
Tr TMN − 3T55g55
]
(4.43)
while for the graviton and its KK-modes, we have
Sgrav = −1
2
∫ R′
R
dz
∫
d4x
√
gh˜µνT
µν (4.44)
where the Greek indices are limited to the 4D uncompactified directions.
For a gauge theory, the Maxwell stress-energy tensor (before adding gauge fixing terms)
is given by:
TMN =
1
4
gMNBRSB
RS −BMRBNSgRS. (4.45)
Using the ansatz given above for the h˜µν fluctuations, interactions of KK-gravitons with
the HS are given by:
− 1
2Λn
∫
d4xhˆnµν
∫ R′
R
dz
√
gφn(z)T
µν
=
1
2Λn
∫
d4xhˆnµν
∫ R′
R
dz
( z
R
)
φn(z)
[
BρκBσλη
κλ −Bρ5Bσ5
]
ηµρηνσ, (4.46)
Similarly, plugging the normalized radion field into Eq. (4.43), the radion couples in the
following way to the HS:
r(x)
Λr
∫ R′
R
dz
( z
R
)(R
R′
)2 [
1
2
BµνBρση
µρηνσ + 2ηµνBµ5Bν5
]
. (4.47)
Using the expressions for the normalized B5, B
(1)
µ , and hˆ
(n)
µν , we find the effective 4D
Lagrangian coefficients which are summarized in Appendix A. The couplings are expressed
in terms of the normalization factors Λn, the hierarchy between the Planck scale and the
position of the UV brane, κ, and wave function overlap integrals of the n’th graviton KK-
mode with the HS field, parametrized as λnXX , where X are fields residing in the HS. These
coupling constants are robust under variation in the values of R and R′, as long as R′  R.
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Note that for a completely brane localized field, X, the coupling ratios λnXX/Λn →√
2R′, bringing our result into agreement with previous publications which have taken the
SM fields to be completely localized on the IR brane [12].
The primary process which contributes to production is gluon fusion. The 4D effective
Lagrangian for the couplings of the KK-gravitons to gluons are given by (at tree level) [12]:
Lglue = hˆµν(1)GµρGρν
0.191
Λ1 logR′/R
+ hˆµν(2)GµρG
ρ
ν
0.028
Λ2 logR′/R
, (4.48)
and the KK-graviton propagator is given by:
Dµν,ρσ(n) =
[
Gµρ(n)G
νσ
(n) +G
µσ
(n)G
νρ
(n) −
2
3
Gµν(n)G
ρσ
(n)
]
1
2 (k2 −m2n)
Gµν(n) ≡ ηµν −
kµkν
m2n
. (4.49)
5 A TeV-Scale Axion
In this section, we describe a toy axion model that resolves the strong CP problem and in
which a PQ global symmetry is broken at the TeV scale (on the IR brane). We gauge a
U(1)PQ symmetry which is broken by boundary conditions on both branes. The resulting
B5 zero mode plays the role of the axion.
In this model the axion is hidden (and its mass supressed) by taking the 5D gauge
coupling to be small. The direct interactions with SM fields are all suppressed by the small
extra-dimensional gauge coupling, and with the relation given in Eq. (3.21), we deduce that
the effective PQ scale is given by:
fPQ =
1
R′
√
R√
2g5
(5.50)
This is the inverse coupling constant that appears in axion interactions that also appear in
standard 4D axion models. For instance, the coupling of the axion to photons and gluons
from anomalies is given by
cEM
B5
fPQ
F · F˜ + cQCD B5
fPQ
G · G˜ (5.51)
where F , G and the tildas are the electromagnetic/ gluonic field strengths and their duals.
cEM and cQCD are the anomaly coefficients. Below the QCD confinement scale, the second
term in Eq. (5.51) leads to an axion mass through instanton effects. This mass is given
approximately by [17]
m2B5 ≈
Λ4QCD
f 2PQ
. (5.52)
Standard constraints on fPQ apply, and the allowed ranges of fPQ [28] are roughly 10
9 GeV <
fPQ < 10
12 GeV, where the lower bound arises from constraints on supernova cooling rates
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and the upper bound arises from constraints on the relic abundance of coherent axion os-
cillations (assuming an order one displacement of the axion field from the CP conserving
minimum in the early universe).
Charge assignments under the U(1)PQ symmetry are model dependent. For instance,
one could create a hadronic axion model, in which the SM fermions are uncharged, but in
which new heavy fermions carrying SU(3)C charge contribute to the anomaly, and lead to
an axion mass. Another option is to model this 5D axion in a manner similar to the DFSZ
axion in terms of the charge assignments:
(Hu) (Hd) Q u¯ d¯ L e¯
Y 1/2 −1/2 1/6 −2/3 1/3 −1/2 1
PQ 1 1 −1/2 −1/2 −1/2 −1/2 −1/2
(5.53)
The Higgs fields are placed in parentheses as they are not crucial in extra dimensional
theories such as Higgless models of electroweak symmetry breaking. The simplest model
in terms of particle content is a Higgsless model augmented by a U(1)PQ. The choice of
fermion quantum numbers determines the anomaly coefficients cEM and cQCD in Eq. (5.51),
and the most convenient fermion redefinition for a Higgsless theory is given in Eq. (3.17),
with the choice z0 = R
′.
This type of axion model has a strong benefit over previous constructions. This feature
concerns explicit global symmetry breaking terms arising from Planck scale physics which
must be suppressed in order to preserve the Goldstone nature of the axion [21,30]. Without
some mechanism to forbid or suppress such operators, non-derivative potential terms for
the axion arise and displace the axion from the CP conserving minima of the instanton
potential. In the extra-dimensional construction, such operators, in the 4D effective theory,
take the form:
a
f
∂µj
µ
PQ =
a
f
[
gn
MnPl
O4+n + cQCDG · G˜
]
. (5.54)
We have also included the term that generates the axion potential from instantons for
comparison. To not spoil the strong CP solution, we must have:
10−10cQCD〈G · G˜〉 & gn
MnPl
〈On+4〉 (5.55)
With cQCD〈G · G˜〉 ∼ Λ4QCD, this becomes
gn . 10−10
(
ΛQCD
µ
)4(
MPl
µ
)n
(5.56)
where µ is the scale associated with fields appearing in the operator O4+n. For dimension
5, 6, 7 operators (n = 1, 2, 3), the scales µ which satisfy this bound (assuming gn = 1)
are µ . 4, 1 · 104, 1.4 · 106 GeV. In this extra-dimensional construction, the terms which
correspond to spontaneous symmetry breaking reside on the IR brane, and are naturally
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of order TeV . Thus the scale µ is expected to be of order TeV, and even at dimension 6
such operators are not dangerous, a significant improvement on earlier models, in which µ
was tied to the scale fPQ [21, 30].
Irrespective of the gauge coupling, as shown in the previous section, the RS gravity
sector bridges between the SM and this axion sector. There are thus operators which are
suppressed only by the TeV scale associated with the IR brane which connect the SM with
the HS axion and its excitations. In the next sections, we discuss the phenomenology of
such hidden sectors, with much of the discussion there being relevant for this axion scenario.
6 Collider Phenomenology
Even with greatly suppressed direct couplings, the interactions of the HS with RS-gravity
provide a link to SM fields through processes which involve exchange of radions or KK-
gravitons. Observation of gravitational resonances are signals has been considered a smok-
ing gun for extra-dimensional models, so it is vitally important to identify how their phe-
nomenology is modified in the presence of these hidden sectors. The most dramatic feature
involves decays of the radion and KK-gravitons to HS fields, although direct production of
HS fields is also possible.
6.1 Radion and KK-graviton decays to 5D Goldstone Bosons
Through the interactions shown in Table 1, the radion and the graviton KK-modes can
decay to the light B5 Goldstone bosons. These Goldstone bosons may escape the detector,
or decay back to light SM states, depending on the model chosen. In this section, we
calculate the partial widths of the radion and KK-gravitons to the light Goldstones.
The radion partial width to Goldstones is given by
Γ(r → B5B5) = 1
32pi
m3r
κ2Λ2r
(6.57)
where Λr =
√
6/R′, independent of the 5D gauge coupling associated with the HS.
For light radions, where the decay mode W ’s and Z’s is closed, this decay dominates
the width, and notably suppresses the r → γγ branching fraction by roughly a factor of 10
for radion masses between 114 GeV and 160 GeV . As γγ was the most promising channel
in which to search for radions at the LHC [10, 13], this is a significant modification in the
phenomenology. The B5 Goldstone bosons produced in these decays stream through the
detector since the Goldstones are only very weakly coupled to SM fields.
The radion may also mix with the a Higgs in extra dimensional models that contain a
scalar Higgs particle (see e.g. [10]). In this case, the Higgs may have a substantial invisible
branching fraction to these Goldstone bosons, even as much as 50 % if the relative splitting
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of the scalar states is comparable to vR′. The amount of mixing however is very model
dependent (there may not even be a scalar Higgs particle in the spectrum), and we leave
this area as an avenue for future study.
For heavier radions, where the decays r → W+W− contribute to the width, the branch-
ing ratio saturates at a value of roughly 20%.
The KK-graviton partial widths to Goldstones are
Γ(hµνn → B5B5) =
λ2nB5B5
1920pi
m3n
κ2Λ2n
(6.58)
Where λ1B5B5 = −.219, and λ1B5B5 = .049, as can be read from Table 1. This is in
agreement with expectations from the Goldstone theorem that this width should be equal
to the width to Z’s, the Higgs, and half the width to W ’s, which have been reported in [12].
The Goldstone equivalence theorem can be then be used to obtain the branching fractions
of the KK-graviton to light Goldstones,
BR(h1µν → Ba5Ba5) =
N
Γtop
ΓZ
+ 4 +N
(6.59)
where N is the number of 5D Goldstone bosons. We have neglected the contributions of
light UV brane localized fermions and to KK-tops to the total width, as these are typically
much smaller [12]. The branching fraction to a single U(1) Goldstone boson is typically
O(10%) for reasonable values of the top-right quark localization parameter, which is the
primary variable which determines the ratio Γtop/ΓZ .
6.2 Radion and KK-graviton decays to hidden 5D gauge fields
The radion width to gauge boson zero modes is given by:
Γ(r → BµBµ) = m
3
r
128piκ2Λ2r log
2R′/R
(6.60)
Again, since these light vector modes are assumed to couple only very weakly (or not at
all) with SM particles, these particles would manifest as missing energy at colliders. Unlike
the Goldstone B5 HS, these invisible decays only contribute modestly to the total width
of the radion, and are of roughly the same size as the branching fraction to γγ. Thus the
radion phenomenology is not greatly altered. The smaller branching fraction relative to the
Goldstone HS scenario is due to the extra log suppression in the couplings of the radion to
the flat profile of the Bµ zero modes.
The level-1 KK-graviton width to gauge boson zero modes is given by
Γ(h(1)µν → BµBµ) =
(
.191
κΛ1 logR′/R
)2 m3(1)
1536pi
(6.61)
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and exhibits the same log suppression as the radion decays. Thus the branching fraction
to Bµ modes will be very small compared to the fractions to SM massive gauge fields, and
similar with the branching fraction to photons (in fact the branching fractions are identical
up to loop corrections).
6.3 Non-exact shift or gauge symmetries
The symmetries (HS shift/gauge symmetries) can not be exact/unbroken for most choices
of the 5D gauge coupling since there are stringent constraints from astrophysics on new
massless scalar fields and long range forces. The scalars or vector fields in the HS must have
some mass. If the light HS is hidden through a small 5D gauge coupling, and the SM fields
have non-vanishing quantum numbers under the gauge symmetry, the Goldstone bosons
will decay to SM particles if the HS fields are massive enough. Depending on how small the
extra dimensional gauge coupling is, and the masses of the light pseudo-Goldstone fields,
their decays may range from prompt to cosmological time scales.
For the lightest range of HS scalar masses, the 5D Goldstone boson may decay to SM
fermions. The decay width of a light 5D pseudo-Goldstone boson to SM fermions is given
by:
Γ(B5 → f¯f) = q
2
4pi
(
mf
feff
)2
mB5 (6.62)
The distance traveled by a pseudo-Goldstone boson that couples universally to leptons
before decaying to muons (presuming the B5’s have mass less than 2mτ , and assuming a
5D gauge symmetry charge of q = 1), is given by:
∆x = 58cm
(
feff
106GeV
)2(
10GeV
mB5
)√(
E
mB5
)2
− 1 (6.63)
The pseudo-Goldstone modes may also couple to SM quark fields, in which case there will
be displaced hadronic decays.
Thus these RS Hidden sectors are a concrete example of a “Hidden Valley” model [14,
15], in which HS fields may be produced at colliders through on-shell production of RS
gravitations resonances which subsequently decay into the HS. The final decay products
of the HS fields may be substantially displaced from the production vertex, depending on
the choice of the extra dimensional gauge coupling. Searches have been performed at the
Tevatron, with null results thus far [31, 32]
In the case of light HS vector fields, the width to fermions is given in the massless
fermion limit by:
Γ(Bµ → f¯f) =
g2mBµ
4pi
(6.64)
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and the decay length in the detector is given by:
∆x = 20cm
(
10−8
g
)2(
10GeV
mBµ
)√(
E
mBµ
)2
− 1 (6.65)
6.4 Hidden KK-modes at Colliders
It is also possible that higher level KK-modes of the light HS will be directly produced
by collider experiments such as the LHC. The most likely channel for HS KK-mode pro-
duction in the light Goldstone scenario is a level one KK-mode in association with the
light Goldstone boson: gg → r(hˆ(1)µν ) → B(1)µ B5, where the exchanged particle is either a
radion or a level one KK-mode graviton. For a HS with a residual gauge symmetry it is
gg → r(hˆ(1)µν )→ B(1)µ B(0)µ .
The production cross sections for these processes are very small for two reasons. Firstly,
the KK-modes of the gauge fields are quite massive. The lowest they could be is in the
2 TeV range for a typical Higgsless model. Secondly, the rate is suppressed as RS gravity
couplings all come with the normalization factors Λr, or Λn which are in the TeV range.
For a model with a HS Goldstone boson, taking R′ = (500 GeV)−1, the LHC cross
section at design energy (14 TeV CM energy) is σ(gg → r → B(1)µ B5) ≈ 1 · 10−5 pb.
For a model with a HS light gauge field, for the same parameters, the cross section is
σ(gg → r → B(1)µ B(0)µ ) ≈ 5 · 10−6 pb. These are up against the design goals of the LHC,
however with high luminosity (100′s of fb−1) a few events may be possible. The HS KK-
modes dominantly decay via the channel B
(1)
µ → B5r(B(0)µ r) for HS Goldstone (gauge) field.
If the light HS Goldstone (gauge) field can decay to SM leptons within the detector, there
is hope of triggering on and reconstructing even a few such events.
7 Astrophysical Constraints on RS Goldstone Bosons
At low energies, the couplings of the hidden sector to RS gravity induce higher dimensional
operators involving SM fields that are suppressed only by the TeV scale. In this section,
we calculate the effective operators relevant for main sequence star cooling, and supernova
energy loss (see [33] for a related study). We take into account the contributions from radion
exchange, however we neglect the contributions of KK-gravitons, as these are negligible in
comparison. We leave a study of the astrophysical constraints on light RS gauge fields for
future work, although we provide expressions for the relevant higher dimensional operators
in this section. Existing light scalar search experiments are not sensitive to the operators
that arise from integrating out the RS gravitational excitations.
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Figure 1: The diagram on the left involving the exchange of a RS radion leads to the
effective dimension 8 contact operator shown on the right.
7.1 Higher dimensional operators
Diagrams such as the one shown in Figure 1 create higher dimensional operators in an
effective theory valid at energies below the scale of RS gravitational excitations. In this
section, we calculate these higher dimensional operators as functions of the radion mass
and the parameters associated with the RS geometry.
Operators for 5D Goldstone Bosons
The coefficients of the irrelevant operators arising from integrating out the radion can
be determined by the form of the radion couplings to bulk SM fields [13]. The results are
given by:
Laaγγeff =
(∂µB5)
2 F 2ρσ
4m2rΛ
2
r logR
′/R
LB5B5ggeff =
(∂µB5)
2G2ρσ
4m2rΛ
2
r logR
′/R
Laaf¯feff =
mf (cL − cR)
m2rΛ
2
r
f¯f (∂µB5)
2 (7.66)
The last interaction is for fermions which are localized on the UV brane. The coefficients cL
and cR are the fermion bulk masses which determine the wave-functions of the zero modes.
The second interaction, at momentum transfer below the QCD scale, leads to an effective
coupling of the Goldstone boson to nucleons:
LB5B5nneff =
(∂µB5)
2 n¯n
4m2rΛ
2
r logR
′/R
mn,p
8pi
9αs
[ ∑
q=u,d,s
fTq − 1
]
(7.67)
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where mn,p is the neutron/proton mass. The coefficient is obtained by taking the matrix
element of the scalar gluon current between nucleons:
n¯n〈n|G2ρσ|n〉 → −n¯n mn
8pi
9αs
[ ∑
q=u,d,s
fTq − 1
]
(7.68)
The fTq coefficients are defined by 〈n|mq q¯q|n〉 ≡ mnfTq.
Operators for unbroken gauge symmetries
Similarly, there are higher dimensional operators involving massless bulk gauge fields,
Bµ.
LBBγγeff =
B2µνF
2
ρσ
16m2rΛ
2
r log
2R′/R
LBBggeff =
B2µνG
2
ρσ
16m2rΛ
2
r log
2R′/R
LBBf¯feff =
mf (cL − cR)
m2rΛ
2
r
f¯fB2µν (7.69)
These are invariant under the 4D gauge symmetry. We leave a full analysis of the effects
of these operators for future study.
7.2 Main-Sequence Star and Supernova Cooling
In massive astrophysical bodies, processes may occur which produce the light fields in
within an RS hidden sector. This is the case, for example, with standard axion scenarios,
and which leads to significant constraints on the coupling strength of a pseudo-scalar axion
to SM fields, f−1PQ. However, our model predicts the existence of new TeV suppressed
operators which can contribute to astrophysical pseudoscalar production. If the HS fields
are coupled weakly enough, the produced fields will free-stream out of the astrophysical
body, and contribute in a straightforward way to its energy loss rate. In main-sequence
stars and supernovae, an increased energy-loss rate above that predicted within the SM
has not been detected, putting constraints on the higher dimensional operators that arise
from integrating out RS gravitational fluctuations.
In this section, we consider only RS hidden sectors containing a light Goldstone boson,
not a light gauge field. We leave constraints on HS gauge fields for future study. These
constraints are particularly relevant for the RS axion model considered in Section 5.
We have calculated the scattering length of a 5D Goldstone boson produced in the core
collapse neutron star phase of SN1987a, taking into account only the higher dimensional
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operators given above. The scattering length is given approximately by
L = 1 · 1014m
(
30 MeV
Ea
)4(
1/R′
500 GeV
)4 ( mradion
120 GeV
)4
(7.70)
This scattering length is far larger than the size of the core for reasonable choices of the
parameters, and thus any produced Goldstone bosons in the core collapse process are free-
streaming †.
In a generic scattering process within a neutron star, where thermal conditions are
semi-degenerate, the energy loss rate per unit volume due to particles which free-stream
out of an object is given by
Q =
∫
dΠPSS |M|2 δ(4)
(∑
i
pi −
∑
f
pf
)
Estreamf1f2 (1− f3) (1− f4) , (7.71)
where Estream is the energy lost in a single process due to particles streaming out of the
object, and the fi are the thermal occupation functions of the neutrons and protons which
scatter to produce the Goldstone bosons:
fi =
1
e(Ei−µ)/kT + 1
(7.72)
The phase space integration is over both initial and final state particles, and S contains
initial and final state combinatorics for identical particles.
We have estimated the energy loss rate due to nuclear bremsstrahlung in SN1987a.
The processes are: n n → n n a a, where n is any nucleon, either a proton or neutron.
The diagrams which contribute to the matrix element are shown in Figure 2. We make a
number of approximations in calculation the energy loss rate, but all of these simplifications
overestimate the rate, meaning that the actual models are safer than what is reflected in
our calculations.
First, we neglect the final state phase space distributions. For Fermi-Dirac statistics,
the 1 − fk functions vary between 1/2 and 1. We take these to simply be one. We
overestimate the energy loss per collision by assuming it is equal to the total initial energy
of the system: Estream = Eav ≡ E1 + E2 − mn1 − mn2 . This means that the energy lost
is purely a function of the initial states in the scattering process, and can be factored out
of the final state phase space integration. In reality, the energy lost is generally much
less. Once this is done, the phase space integration over final states is the usual one for
†There are also other processes due to direct couplings of the Goldstone sector with the SM fields which
can lead to re-scattering in a core collapse supernova. However, the relevant range of allowed couplings for
very light scalars f−eff1, are small enough to ensure that the light fields are still free streaming.
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Figure 2: These are the new diagrams arising from RS gravitational excitations that con-
tribute to supernova cooling. N is either a neutron or proton, while P is a proton. The
higher dimensional operators involving B5’s arise primarily from integrating out the radion.
calculating cross sections:
Q =
∫
dΠPSS |M|2 δ(4)
(∑
i
pi −
∑
f
pf
)
Estreamf1f2 (1− f3) (1− f4)
.
∫
dΠisEavf1f2S
∫
dΠfs |M|2 δ(4)
(∑
i
pi −
∑
f
pf
)
=
∫
dΠisEavf1f2S (2E12E2vrelσ) . (7.73)
We compute the cross sections for the relevant processes using CalcHep [34]. These are
relativistically invariant functions of the center of mass energy of the collision, or equiv-
alently the magnitudes of the 3-momenta in the center of mass frame. We numerically
interpolate these total cross sections over the relevant range of 3-momenta and perform the
above integration numerically.
The final energy loss rates due to the nuclear Bremsstrahlung processes are given by
QNN = 3.9 · 1020
(
100 GeV
mradion
)4(
36.8
logR′/R
)2
(R′ 500 GeV)4 erg/cm3/s
QPP = 2.0 · 1021
(
100 GeV
mradion
)4(
36.8
logR′/R
)2
(R′ 500 GeV)4 erg/cm3/s
QNP = 3.9 · 1020
(
100 GeV
mradion
)4(
36.8
logR′/R
)2
(R′ 500 GeV)4 erg/cm3/s (7.74)
This corresponds to a total luminosity (for a 20 km radius neutron star) of La = 3·1040erg/s,
and temperature kT = 30 MeV whereas the luminosity of the neutrino burst phase is
estimated to be Lν ≈ 1053erg/s. Thus, for this choice of parameters, the additional energy
loss due to processes involving the couplings of RS gravity to the HS can be neglected.
In Figure 3, we display the temperature dependence of the total luminosity in Goldstone
bosons due to the processes in Figure 2.
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Figure 3: In these plots, we show the temperature dependence of the luminosity in hidden
sector goldstone bosons during in a core collapse supernova (left) and in main sequence
stars (right) for a single Goldstone scalar coupled to the SM via RS gravity excitations.
The following parameters are used: mradion = 100 GeV, R
′ = (500 GeV)−1, and R = 1/MPl.
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Figure 4: These are the new diagrams arising from RS gravitational excitations that con-
tribute to star cooling. In addition to these diagrams, the electron may be replaced by
the nuclei of the solar elements. The higher dimensional operators involving B5’s arise
primarily from integrating out the radion.
We have also calculated the energy loss rates in stars due to hidden Goldstone boson
production from the processes shown in Figure 4. Compton, Primakoff, and Bremsstrahlung
diagrams contribute, as well as photon annihilation to Goldstone bosons. The solar energy
loss rates, using a temperature kT = 1.3 keV, for each process (labelled by the initial
states) are given by:
Qγγ = 6.7 · 10−39
(
100 GeV
mradion
)4(
36.8
logR′/R
)2
(R′ 500 GeV)4 erg/cm3/s
Qe−γ = 2.1 · 10−36
(
100 GeV
mradion
)4
(R′ 500 GeV)4 erg/cm3/s
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QHγ = 6.8 · 10−11
(
100 GeV
mradion
)4(
36.8
logR′/R
)2
(R′ 500 GeV)4 erg/cm3/s
QHeγ = 1.1 · 10−10
(
100 GeV
mradion
)4(
36.8
logR′/R
)2
(R′ 500 GeV)4 erg/cm3/s (7.75)
The Compton process has a different scaling due to the fact that the B5 couplings to
electrons are not dependent on the log of the scale hierarchy. In comparison with usual
solar nuclear energy production of a few erg/cm3/s, these energy loss rates are negligible.
In Figure 3 we display the temperature dependence of the total energy loss rate, so that
the results can be extended to other main-sequence stars. For the higher red-giant core
temperatures, the energy loss rate is still small in comparison with nuclear burning rates
of about 108 erg/cm3s.
Conclusions
We have examined a class of models embedded in a Randall-Sundrum geometry in which
there are new extra dimensional gauge symmetries which contain in their spectra either
light scalar fields or light gauge fields. These new fields are taken to be hidden from the
SM, either through small couplings, or vanishing quantum numbers. Such hidden sectors
are still phenomenologically relevant, however, due to sizable couplings to RS gravitational
fluctuations which, in turn, couple with similar strength to SM fields. Through these
couplings, the collider phenomenology of the radion and KK-gravitons may be drastically
modified, and through scalar mixing, Higgs phenomenology may change as well. We also
motivate the case for such a hidden sector by describing a simple model which resolves the
strong CP problem, and in which a light scalar field arising from an RS gauge symmetry
plays the role of an axion. Hidden sectors which contain such light scalar fields contribute
new amplitudes relevant for star and supernova cooling. We have calculated constraints
arising from these operators, and find them to be well within current bounds.
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8 Appendix A: Tables of gravitational interactions
In this Appendix, we summarize the interactions of the radion and the gravitational exci-
tations with both broken and unbroken 5D gauge symmetries.
In Table 1, we give the interactions of the radion and graviton KK-modes with the
massless B5 and the associated KK-modes in the case where the gauge symmetry is broken
twice by boundary conditions. In Table 2, we give the couplings of the radion to an unbroken
gauge group. Finally, in Table 3, we give the couplings of the first two KK-gravitons to an
unbroken bulk gauge group.
rB(1)µ∂µB5 1.09
M1
κΛr
hˆµν(1)B
(1)
µ ∂νB5 −0.134 M1κΛ1 hˆ
µν
(2)B
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µ ∂νB5 .099
M1
κ
Λ2
rB
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(2)∂µB5∂νB5 .049
1
2κΛ2
Table 1: This table contains the Lagrangian coefficients for interactions between RS gravi-
tational excitations and the modes associated with the bulk gauge symmetry that produces
light Goldstone modes.
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√
logR′/R
rB
(0)
µνB(2)µν −.090 1
κΛr
√
logR′/R
rB
(1)
µνB(1)µν .556 12κΛr rB
(1)
µ B(1)µ .222
M21
2κΛr
rB
(1)
µνB(2)µν −.237 1κΛr
rB
(1)
µ B(2)µ −.175M1M2κΛr rB
(2)
µνB(2)µν .377 12κΛr rB
(2)
µ B(2)µ .312
M22
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Table 2: This table contains the Lagrangian coefficients for interactions between the radion
and the zero and KK-modes of an unbroken RS gauge symmetry.
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ν .152 12κΛ1 h
µν
(1)B
(2)
µ B
(2)
ν −.138 M222κΛ1
hµν(2)B
(0)
µρB
(0)ρ
ν .028 12κΛ2 logR′/R h
µν
(2)B
(0)
µρB
(1)ρ
ν −.024 1
κΛ2
√
logR′/R
hµν(2)B
(0)
µρB
(2)ρ
ν .119 1
κΛ2
√
logR′/R
hµν(2)B
(1)
µρB
(1)ρ
ν −.064 12κΛ2 h
µν
(2)B
(1)
µ B
(1)
ν −.051 M212κΛ2 h
µν
(2)B
(1)
µρB
(2)ρ
ν .116 1κΛ2
hµν(2)B
(1)
µ B
(2)
ν .0031
M1M2
κΛ2
hµν(2)B
(2)
µρB
(2)ρ
ν −.282 12κΛ2 h
µν
(2)B
(2)
µ B
(2)
ν −5.9 · 10−4 M222κΛ2
Table 3: This table contains the Lagrangian coefficients for interactions between the KK-
gravitons and the zero and KK-modes of an unbroken RS gauge symmetry.
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Appendix B: Gauge fixing of the Hidden Sector
Since we are including the coupling of gravity to the gauge fields, and we have already
chosen a specific gauge in which to express the gravitational fluctuations, we must be sure
to respect general covariance in the gauge fixing term we add to restrict the path integral to
non-redundant hidden sector gauge field configurations. This is to ensure we do not create
spurious interactions which are artifacts of over-constraining the gauge freedom. Note that
the general R-ξ gauges often chosen in such models break 5D covariance, even in the bulk,
so we must find a new gauge fixing potential. The one we choose is, in the end, equivalent
at the quadratic level to the 5D R-ξ gauges [35] with the choice ξ = 1, however the non-
covariant R-ξ gauge still generates spurious 3-point couplings involving KK-gravitons and
the radion.
To begin, we write the gauge kinetic term in an explicitly covariant manner (although
as usual the Christoffel symbols cancel by anti-symmetry of the gauge field strength tensor):
Sgauge = − 1
4g25
∫
M
dV gMNgRS (∇MAR −∇RAM) (∇NAS −∇SAN)
=
1
2g25
∫
M
dV gMNgRS (∇RAM∇NAS −∇MAR∇NAS) (8.76)
where dV is the covariant volume element. We would ideally like to remove the kinetic
mixing between the vector fields and the components which are eaten to produce massive
4D vectors in the effective field theory.
A general covariant gauge fixing term which removes the mixing is given by:
SGF = − 1
2g25
∫
M
dV G(B)2 = − 1
2g25
∫
M
dV
(∇MAM + vMAM)2 (8.77)
Here, vM is a vector field whose components we will determine in this section. Expanded
in component form, in the absence of gravity fluctuations, this gauge fixing function is:(
R
z
)2 [
∂µBνη
µν −B′5 + 3
B5
z
+ ηµνvµBν − v5B5
]
(8.78)
The residual gauge symmetry with this gauge fixing term obeys the following equation
(in the absence of gravity fluctuations):
β − β′′ + 3β
′
z
+ ηµνvµ∂νβ − v5β′ = 0 (8.79)
The kinetic mixing term between Bµ and B5, after summing up the standard kinetic
term and the contributions from the gauge fixing term are:
1
g25D
(
R
z
)[
(∂µBνη
µν + ηµνvµBν)
(
B′5 − 3
B5
z
+ v5B5
)
−B′µ∂νB5ηµν
]
(8.80)
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Integration by parts of the last term in this expression causes the entire mixing term to
vanish if the vector vM is chosen such that vµ = 0, and v5 = 2/z.
Note that the gauge fixing function G(B) is a function of ∂µBµ and only the eaten B5
modes. The variation of the gauge fixing term then, with respect to the metric, is:
δ
δgMN
LGF = − 1
2g25D
(
δ
δgMN
√
g
)
G(B)2 +√g
(
δ
δgMN
G(B)
)
G(B) (8.81)
Thus all interactions with gravitational fluctuations involve only the unphysical B5’s, and
terms involving ∂µB
µ which vanish in all matrix elements due to the 4D Ward identities
for the HS KK-modes. The interactions listed in Appendix A are thus sufficient to describe
the physical couplings of RS gravity to the excitations within the HS.
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